Abstract: Renewable energy is one of the key drivers for reducing CO 2 emissions in the future. In order to support effective policy-making relating to renewable energy, estimation of available potentials mixed with all energy resources including fossil fuels is needed. However, previous research has sometimes focused on only one particular approach. Therefore, a diversified analysis of potential renewable energy contributions to energy supply in Asian regions was carried out in this paper. In order to estimate physical potential, a grid cell approach using geographical information system (GIS) data was adopted. Once the physical and technical potential had been estimated, the economic potential was then calculated. Socio-economic potential was analyzed using energy outlook data collected and reviewed from various publications in order to assess trends in energy demand and supply. The results indicate that almost all Asian countries will continue to develop and that the demand for energy will grow. With the aspect from potential amount, renewable energy supply is effective even though fossil fuels will continue to dominate totally energy mixes for the foreseeable future. In renewable energy supply, potential of solar is dominated and bears on wide implication compared with that of wind and biomass. To ensure the best possible results, further research should be carried out on the optimal schedule for the multiphased introduction of renewable energy in long-term policy.
Introduction
Renewable energy is one of the key drivers for reducing CO 2 emissions in the future. The third annual report (TAR) compiled by the IPCC expresses the relative potential of several phases of renewable energy in terms of physical, technological, socio-economic, economic and market potentials. In order to support effective policy-making relating to renewable energy, estimation of available potentials mixed with all energy resources including fossil fuels is needed. However, previous researches have sometimes focused on only one particular resource, for instance, solar energy (Hofman et al., 2002 ), wind energy (Grubb and Meyer, 1993 ) and biomass energy (Berndes et al., 2003) . In this paper, diversified analysis of renewable energy contributions was carried out considering energy mix with fossil fuels and trends of energy demand. Renewable energy potentials were estimated in ten Asian regions. These regions included Japan (JPN), China (CHN), India (IND), Indonesia (IDN), Korea (KOR), Thailand (THA), Malaysia (MYS), Viet Nam (VNM), the Philippines (PHL) and Singapore (SGP).
Renewable energies
In this paper, three renewable energy sources were selected for investigation: solar, wind and biomass energy. It is expected that technologies to make use of these energy sources will be introduced into Asian countries in order to create a decentralized energy generation and supply system. Solar energy is included in this paper only in terms of the electricity generation provided by photovoltaic (PV) cells.
Definition
According to TAR (IPCC, 2001a), renewable energy can be described in terms of the following "potentials". The physical potential of a renewable energy source is the amount of that resource theoretically available in the area in question, and which can be considered suitable for production. This includes any constraints imposed by land use considerations or local site characteristics such as elevation and slope. The technical potential of a renewable energy source is the part of physical potential remaining after all losses due to conversion from the extractable primary energy source to secondary energy carriers or other forms of energy (electricity, fuel etc.) are taken into account. The socio-economic potential of a renewable energy source is the actual capacity for renewable energy use, taking into consideration the distribution of energy mixes and the growth of primary energy demand. The economic potential of a renewable energy source is the technical potential, based on the estimated production cost of a secondary form of energy which is competitive with a specified, locally relevant alternative. A flexible way to represent the economic potential is, therefore, in the form of energy production potential, expressed as a function of the production cost.
Methodology

Estimation of physical and technological potential
Data collection
In order to estimate physical potential, a grid cell approach using geographical information system (GIS) data was adopted. The physical potentials were estimated on a global basis using previously collected data such as insolation and wind speed measurements, land cover, elevation and wilderness area data. After calculation of the optimal inclination angle for solar PV cells in each grid cell, the total amounts of generation were estimated per cell and aggregated on a country-by-country basis. Table 1 shows the GIS data list that was used in this estimation process. (All the data used has been published on websites and made available for simulation purposes [5, 6, 7, 8, 9, 10, 11] Vries, 2007) , extra parameters were included in the form of solar elevation angle, solar azimuth angle, land surface slope and elevation angle. In addition, the optimum inclination angle of each solar PV cell was calculated per grid cell and this information was also taken into account. The inclusion of these factors allowed a more accurate estimation to be made of the solar energy potential. The available area was determined using a suitability fraction, as shown in Table 2 . For technical reasons, the area studied was limited to less than 5000m elevation and less than 60% slope. Solar energy potential, EPS [kWh/yr], was calculated using Eq. (1). , and e is the PV module efficiency (=13%). The subscripts g, M and T stand for the grid cell, month and time, respectively.
Wind energy potential
The wind turbine was assumed to be 80m high with a capacity of 2MW and rotors 90m in diameter. The available area was determined using a suitability fraction, as shown in Table 2 , and restricted to less than 2000m elevation and less than 60% slope. Since the reference wind measurements provided by the surface meteorology dataset (NASA, 2005) were for a height of 50m, averaged wind speed was adjusted to a height of 80m, equal to that of the wind turbine. When the wind energy potential, EPW [kWh/yr], was calculated the probability distribution of wind speed v [m/s], the wind power correction factor k, and the availability rate j [%] were also taken into account, as shown in Eq. (2).
where l is the loss rate, LC is the land cover, P(v) [kW] is the output of the wind turbine when the wind speed is v [m/s], and R(v) refers to the appearance probability distribution of the wind speed v [m/s]. Table 2 shows the parameter values for each type of land cover. Seventeen land cover categories were consolidated into four land use patterns. The suitability fraction values were one of the effective factors used in this estimation method. Therefore, in future, adequate suitability fractions should be estimated and modified by comparison with other, more precise calculations. 
Biomass energy potential
In the biomass energy potential calculation, twelve different resources (provided by the FAO statistical report, FAOSTAT, FAO, 2001) were taken into account. These resources included industrial round wood residues, pulp used for paper, sawn wood, mill residues, paper scrap, timber scrap, crop residues, sugarcane residues, bagasse, dung, kitchen refuse, and human feces. Each resource was assigned a different residual rate -defined as the fraction of the total amount available in production and able to be used for production purposes. Statistical data were, therefore, prepared in terms of volume or weight. The residual volumes were then converted to calorific values for calculation purposes.
Renewable energy potential grades
Renewable energy potentials were calculated and classified into three grades. When physical potentials were calculated, each grid cell was classified in terms of its renewable resource advantage. Grade I had some specific advantage in terms of its use as a renewable energy source, while grade III had some specific disadvantage associated with its use, due to location or climatic conditions. In the case of solar energy, the grade was determined by the insolation intensity received by each solar PV module [kWh/m 2 /yr]. In the case of wind energy, the grade was determined by the utility operation rate, UC [%], defined by the percentage of annual electricity [TWh/yr] generated by full load operation throughout the year. The classified grades are shown in Table3 and 4.
Socio-economic potential estimation
Many institutes have published reports presenting statistical data or perspectives concerning the future of the Asian region, and this information is essential in order to estimate the contribution of renewable energies. However, because the Asian region is growing so rapidly and so dramatically, it is difficult to accurately construct future scenarios. Some reports Consequently, in this study, data relating to energy outlook were collected and reviewed in order to estimate expected trends in energy demand, supply and energy share in each country. After collecting data on the relevant parameters, maximum and minimum values were selected and a range of growth rates were established.
Economic potential estimation
After the calculations for physical and technical potential were completed, the production cost in each grid cell, g, was determined for each energy generation system. The production costs of solar energy, CS [USD/kWh], and wind energy, CW [USD/kWh], were calculated using Eq. (3) and Eq. (4). 
where OM is the operation and maintenance cost expressed as a fraction of the investment cost, r is the discount rate, and LS or LW is the durable period. EPS and EPW are the energy potentials calculated using Eq. (1) Table 3 and 4 show the calculated results for physical and technical potential, broken down by grade. Comparing the three renewable energies studied shows that the solar energy potential is the largest, especially in grade II. China, India and Indonesia have some potential in grade I, reflecting good insolation conditions. However, regions such as Japan, China, Indonesia, Korea and Malaysia have more potential in grade III, overall, than in grade II. Wind energy potential is not as large as that of solar energy. Only China possesses significant potential in grade I. However, in the case of biomass energy, both China and India possess large potentials because of their large population and large plantation area. This physical potential analysis confirms that some countries have suitable renewable energy resources. Fig. 1 . The solar energy potentials, alone, can be seen to be large enough to meet the primary energy demand in all future scenarios. Wind energy potentials can also be seen to constitute an effective energy source. On the other hand, the biomass energy calculation shows that it is not large enough to constitute a major energy supply resource. Fig. 2 shows the outlook for primary energy supplies, fossil fuel supplies and renewable energies in three Asian regions: Japan, China and India. Each graph includes the maximum and minimum trends derived from the various reports collected and reviewed as part of this study. It can be seen that the renewable energy share is extremely small, overall. Fig. 2 also shows the calculation results obtained for physical and technical potentials (bold dashed lines).
Results
Physical and technical potentials
Potential grades
Renewable energy contributions in each region
In the case of Japan and India, the solar energy potential (alone) exceeds the maximum predicted primary energy demand. On the other hand, China's energy growth is more rapid and larger than that of other Asian countries. Therefore, the renewable energy potential of China is not large enough to meet all of China's expected primary energy demand in the predicted maximum growth scenario. Renewable energy supply is effective even though fossil fuels will continue to dominate totally energy mixes for the foreseeable future. Fig. 3 shows the potential cost curve for three Asian regions: Japan, China and India. The horizontal axis (logarithmic scale) indicates the market potential. In the case of Japan, grade III solar energy shows most potential but has a high introduction cost. In contrast, the introduction cost of biomass energy is very low but the expected potential is small. In order to increase its share of renewable energy, Japan should, therefore, focus mainly on the installation of solar energy generation systems. In the case of China, the most potential is for grade II solar energy. The cost of grade III wind energy is more than 0.9USD/kWh higher than other renewable resources. In India, grade I solar energy shows the most potential. Grade III wind energy also has a high cost, even in China and India. Consequently, solar energy should receive first priority for introduction and wind energy should be second. The potential for biomass energy is not as large, but its cost intensity is lower than either wind or solar power. Therefore, the immediate introduction of biomass energy systems could be an effective strategy in some Asian regions. 
Economic potentials
Conclusions
Diversified analysis of potential renewable energy contributions to energy supply in Asian regions was carried out. As a result, estimates of renewable energy potential were refined, the socio-economic mechanisms associated with the introduction of renewable energy were calculated, and the relevant characteristics of each Asian country were analyzed. The results suggest that almost all Asian countries will continue to develop and that the demand for energy will grow drastically and rapidly. The results indicate that almost all Asian countries will continue to develop and that the demand for energy will grow. With the aspect from potential amount, renewable energy supply is effective even though fossil fuels will continue to dominate totally energy mixes fora the foreseeable future. In renewable energy supply, potential of solar is dominated and bears on wide implication compared with that of wind and biomass. To ensure the best possible results, further research should be carried out on the optimal schedule for the multi-phased introduction of renewable energy in long-term policy. 
